I surveyed the prevalence of mannose-sensitive adherence factors (adhesins) 
I surveyed the prevalence of mannose-sensitive adherence factors (adhesins) in uropathogenic Escherichia coli isolates by using several rapid screening tests based on the agglutination of stained yeast cells. Mannose-sensitive adhesin activity was demonstrated best for bacteria grown in aerobic static broth cultures. Under these conditions, the majority of the strains from patients with significant bacteriuria (155 [85%] of 181 isolates) or upper urinary tract infections (19 [79%] of 24 strains) had a strong capacity to agglutinate the yeast cells. A much lower incidence of mannose-sensitive adhesin activity was detected for strains cultured on solid medium. Thus, only 26 (51%) of 51 fresh isolates from cases of significant bacteriuria appeared to have mannose-sensitive adhesin activity when they were tested directly on the primary isolation medium (MacConkey agar), whereas after serial static broth subculturing, 45 (88%) of these strains were active. Many of the nonagglutinating and weakly agglutinating strains detected were also nonmotile. Various other enterobacteria showed strong agglutinating activity toward the yeast cells, and in most cases these reactions were blocked by mannose. However, a few notable exceptions were found.
Bacterial attachment to specific animal surfaces (e.g., mucosal epithelia, endothelia, teeth) is generally considered to be an important prerequisite for the development of many diseases and for the establishment of a normal microflora (1, 15) . For many gram-negative species, attachment to eucaryotic cell surfaces often appears to be mediated by filamentous nonflagellar proteinaceous appendages, which are called fimbriae, somatic pili, or fibrillae (17) . Other cell envelope components which influence the net surface charge and hydrophobicity of bacteria can also affect adhesion (17, 31) .
Common type 1 fimbriae are formed by many commensal and pathogenic enterobacteria, including Escherichia coli, and confer upon the bacterial cells the ability to adhere firmly to a variety of fungal, plant, and mammalian cells (9, 17, 22, 37) and the ability to grow as a thin pellicle at the surface of poorly aerated static broth cultures (5, 27) . The biological activities of these adhesive factors (called adhesins [17] ) are specifically inhibited or reversed by D-mannose or a derivative of D-mannose, a-methyl-Dmannoside, suggesting that mannose residues on eucaryotic surfaces probably serve as receptors for type 1 fimbriae (9, 25, 27, 32) . This hypothesis is supported by recent biochemical work (26) . The chemistry, genetics, and serology of type 1 fimbriae have been described previously (23, 36, 37) . The expression of type 1 fimbriae is subject to phase variation and is markedly influenced by culture conditions (9, 27) . In general, fimbriated and nonfimbriated phases are selectively favored by serial cultivation of bacteria in static broth cultures and on solid agar media, respectively. Recently, a second mannose-sensitive adhesin (MS adhesin), termed mannose-specific lectin, which has biological properties similar to those of type 1 fimbriae but differs chemically, was reported for a uropathogenic strain of E. coli (10) . Several distinct mannose-resistant adhesins (MR adhesins), both fimbrial and nonfimbrial, have also been reported for E. coli (1, 9, 17) . Some of these have been correlated with E. coli virulence in humans (1, 8, 11, 12, 18, 28) and in domesticated animals (16, 17, 29) . The occurrence of E. colt strains expressing multiple adhesin activities has been documented (9, 11, 28) .
There are conflicting data in the literature as to the incidence of MS adhesin activity in clinical isolates of E. coli. The reported values for the incidence of MS adhesin activity are as follows: from 12 to 77% for isolates from urinary MANNOSE-SENSITIVE ADHERENCE 1089 tract infections (4, 9, 21, 38) ; from 48 to 76% for isolates from diarrheal disease (7, 9, 12) ; 1% for isolates from bacteremia (21); 46% for isolates from nonspecified clinical infections (24) ; and from 1 to 61% for isolates from stools from healthy individuals (9, 21) . Probable reasons for the significant variations in values obtained are discussed below. Because of the possible involvement of MS adhesins in E. coli uropathogenicity (2, 32, 33) , the prevalence of such adhesins in urinary isolates was investigated by using a rapid, dyed yeast cell agglutination assay. This study shows that more than 85% of the bacterial strains tested had the genetic capacity to synthesize MS adhesins; however, phenotypic expression was influenced markedly by culture conditions. Table 3 ). For some of the experiments, I used several E. coli strains producing well-characterized fimbrial antigens (see Table 1 ) and species of Enterobacteriaceae other than E. coli (see Table 4 (14) . Freshly harvested yeast cells (a gift from S. K. Lee, Lallemend Inc., Montreal, Canada) were washed twice by centrifugation at 2,000 x g for 5 min in cold phosphate-buffered saline (PBS) (0.02 M phosphate buffer, pH 7.2, containing 0.15% NaCI) and then inactivated by boiling for 30 min in 2% sodium dodecyl sulfate. After they were cooled to room temperature, these yeast cells were sedimented by centrifugation and washed successively with distilled water (20°C) until free of detergent and then suspended in 0.85% NaCi containing PBR (140 mg/ ml) for 30 min at 20°C. This suspension was mixed with an equal volume of 1 M NaHCO3 (pH 9), and the temperature was raised to 60°C for 20 min. The cells were again sedimented by centrifugation and washed with water until they were free of uncoupled dye. Finally, the deeply stained yeast cells were suspended in PBS to an absorbancy at 585 nm of 80 (as determined by a Gilford Stasar Il spectrophotometer), which was equivalent to approximately 1.3 x 109 cells per ml (this value had to be determined with a PetroffHauser counting chamber for each batch prepared. The cells were then autoclaved for 15 min at 121°C for long-term storage.
MATERIALS AND METHODS
Detection of MS adhesin activity. I developed three methods employing PBR-coupled yeast cells for rapidly screening bacterial strains grown under different culture conditions for MS adhesin activity.
(i) Plate assay. Strains grown at 37°C for 16 h on NBY agar, MacConkey agar, or other solid media were tested directly for MS adhesin expression by rubbing onto the colony surface with a sterile toothpick a small amount of PBR-coupled yeast suspended (absorbance at 585 nm, 50) in either PBS or PBS containing 2.1% D-mannose. The cultures were scored for mannosesensitive yeast agglutination (Fig. 1A) . Positive reactions were usually detected within a few seconds of rubbing.
(ii) Slide agglutination assay. Fifty microliters of bacterial suspension from a 48-h static NBY culture was mixed with 25 pl of a PBR-coupled yeast cell suspension in PBS containing 2.1% D-mannose (absorbance at 585 nm, 25) at room temperature on a microscope slide or a white porcelain dish with wells. Alternatively, bacterial growth from solid medium was suspended in a drop of PBS and then mixed with the dyed yeast cells as described above. The incubation mixtures were agitated gently for 5 (data not shown). As expected, both strains also showed mannose-sensitive hemagglutination of guinea pig erythrocytes and bore numerous fimbriae 7 nm wide.
The PBR-coupled yeast assays appeared to be highly specific for bacterial strains possessing MS adhesins. E. coli strains 987 and B44 (Table  1) , which possess fimbrial antigens 987P and K99, respectively, both gave negative reactions at 20 and 0°C. On the other hand, strains H10407 (antigen CFA/I), D563 (adhesin D563), D520 (antigen K88a,b), and P1108 (antigen K88a,c) all gave positive agglutination reactions, but these reactions were inhibited strongly by both Dmannose and a-methyl-D-mannoside, demonstrating that these reactions were not mediated by the MR adhesins produced by these strains. At least one of these strains (H10407) is known to synthesize type 1 fimbriae under static broth conditions (11) , which explains the positive mannose-sensitive yeast agglutination reaction observed. Presumably, the other three strains do the same. To date, studies with numerous positive uropathogenic E. coli have failed to find a single strain whose yeast-agglutinating activity was not mannose sensitive (see below).
Survey of MS adhesion activity in uropathogenie isolates of E. coli. The MS adhesin activities of a large number of uropathogenic strains of E. coli freshly isolated from cases of significant bacteriuria were determined by using the PBR-coupled yeast agglutination assays described above. In the initial study, 51 primary isolation cultures plated directly from infected urine samples onto MacConkey agar 'NM, Nonmotile. were surveyed by the plate assay. Bacteria from primary blood agar plates were less suitable for this work, as the colonies were more mucoid in nature than those formed on MacConkey agar, resulting in weaker agglutination reactions. As Table 2 shows, 26 48-h periods at 37°C under aerobic conditions, until strong MS+ activity was detected ( Table  2 ). In accordance with the results of Duguid et al. (9) , no strain was judged to be genotypically devoid of MS adhesin activity unless ail six subcultures lacked activity. A total of 17 of the tested strains became MS+ by the end of the first 48-h serial broth subculture, and another 2 became MS+ by the end of the sixth subculture. Thus, the great majority (88%) of the 51 strains surveyed had the genetic potential to synthesize MS adhesins, but expression was influenced markedly by the prior culture conditions. An additional 130 fresh isolates, which were also from cases of significant bacteriuria, were then screened for MS adhesin activity after serial cultivation in static broth cultures, and similar results were obtained. In ail, 110 (85%) of these strains were judged to be genotypically MS+; 12 (60%) of the 20 nonagglutinating strains also lacked motility, a factor previously shown to be important in the selection of fimbriatephase variants in aerobic static broth cultures (5, 27) .
A high incidence of MS adhesin activity (79% of the strains positive) was also discovered in the 24 isolates obtained from patients having diagnosed upper urinary tract infections ( + (2) + (1) + (1) + (2) + ( e Negative reaction in all six subcultures (designated MS-).
f This strain also formed highly mucoid colonies on solid medium. assay to the screening of other enterobacteria for MS adhesin activity. As Table 4 shows, a variety of strains belonging to several genera exhibited positive agglutinating activity after serial static broth subculturing. In most cases, the agglutination reactions were strong and were inhibited completely by 0.7% D-mannose. The notable exceptions were strains of Serratia marcescens, Proteus vulgaris, Proteus rettgeri, and Enterobacter aerogenes, whose agglutination reactions were resistant to 0.7% (wt/vol) D-mannose and to 8.3% a-methyl-D-mannoside. Similar MR adhesin patterns were also observed with unstained sodium dodecyl sulfate-treated yeast. Both MS adhesin and MR adhesin yeast agglutination patterns were produced by E. aerogenes.
DISCUSSION
A total of 174 (86%) of the 205 uropathogens examined were MS+. The frequencies of occurrence of MS+ strains in the isolates from cases of significant bacteriuria (86% positive) and in the isolates from diagnosed upper urinary tract infections (79% positive) were similar.
The higher incidence of MS+ uropathogenic E. coli detected here compared with previously published values (see above) was probably due to the different culture conditions used rather than to differences in the methods of assay. In many of the previous surveys of E. colt from urine (4, 21) or other clinical sources (7, 12, 21, 24) , the bacteria were cultured on solid media before testing, which is known to favor the growth of nonfimbriated (type 1) phase variants of enterobacteria (9, 11, 27, 36) . In contrast, higher values for MS adhesin expression have been reported by Duguid et al. (9) for urinary isolates (77% MS+) and other isolates of E. coli after serial cultivation in aerobic static broth cultures. These workers also found that only two-thirds of the MS+ strains which they surveyed actually expressed MS adhesin activity during growth on solid medium. However, most of the inactive strains in this group became active during the first static broth subculture.
In this investigation, only 26 (51%) of 51 fresh isolates of E. coli from urine expressed MS adhesin activity on the primary isolation medium (MacConkey agar), and another 37% became active after serial cultivation in static broth cultures. Strains producing highly mucoid colonies on solid medium tended to be nonreactive toward the yeast but often were reactive when cultured in shaken or static broth. Many of the non-agglutinating cultures designated MS-also lacked motility. However, not all MS+ cultures were motile.
Old and Duguid (27) recently demonstrated that in certain strains of E. coli K-12, type 1 fimbrial activity is expressed only transiently very early in static broth cultures. Since my study was carried out with 24-to 48-h cells, it is possible that the actual incidence of MS+ strains may have been higher than the incidence detected. Information concerning the incidence of MS adhesin activity in uropathogenic E. colt strains in vivo is not available. Obviously, because of the significant phase variation in fimbrial synthesis observed in artificial cultures, one cannot simply extrapolate from the in vitro screening surveys. My co-workers and I are currently investigating the possible application of the PBR-coupled yeast agglutination assay to the direct screening of MS+ strains in infected   Strain   9428  9422  9325  8873  7619  7366  B267  B324  B325  B353  B474  B639  B669  B670  B722  B1003  B792  B1029  B1030  B1187  B1420  B2665  B2666  B2737   1092 urine.
Despite the widespread occurrence of MS adhesins, a role for these adhesins in E. coli uropathogenicity has not been clearly established. For example, not all of the uropathogenic strains tested in this survey or by Duguid et al. (9) were MS+. In the latter study, the incidence of MS+ strains among commensal isolates of E. coli derived from healthy stool samples was also high (61% positive). The widespread distribution of MS adhesins among both uropathogenic and commensal E. coli is perhaps not too surprising since (i) the strains causing urinary tract infections are thought to originate from the intestinal flora as fecal contaminants (19) and (ii) attachment is probably as necessary for the establishment of commensal strains in the intestinal tract as it is for the establishment of pathogenic strains in the urinary tract or other mucosal systems, since in either case nonadherent bacteria are probably readily removed from these environments (1) .
Other work has demonstrated that both MS adhesins (33) and MR adhesins (18, 28, 35) can mediate the attachment of E. coli to human uroepithelial cells in vitro and that MS adhesins can attach to urinary mucus (28) . A uropathogenic strain of Klebsiella pneumoniae was also shown to adhere to rat bladder epithelial cells in vitro via an MS fimbrial adhesin (13) . Biochemical studies by Ofek et al. (26) provided direct evidence for the interaction between MS+ E. coli and mannose receptors on mammalian cell surfaces. These workers also showed that amethyl-D-mannoside administered into the bladders of experimentally infected mice prevented colonization of the urinary tracts by an MS+ uropathogen (2) . Isolated type 1 fimbriae were reported to bind to monkey kidney cells in tissue culture by a mannose-sensitive interaction (32) . Therefore, it appears that both MS and MR adhesins may contribute to E. coli infectivity in the urinary tract. However, the individual or combined roles of these adhesins in uropathogenicity requires further study.
The PBR-coupled yeast agglutination assays described above simplify the screening of MS+ E. coli and are specific, sensitive, highly reproducible, and inexpensive. The PBR-coupled yeast cells were also agglutinated by a number of other enterobacteria, but the reactions were not always mannose sensitive (Table 4) . Preliminary studies with two of the mannose-resistant agglutinating species showed that the cells were VOL. 13, 1981 on June 22, 2017 by guest http://jcm.asm.org/ Downloaded from highly fimbriated (unpublished data). When this work was nearly completed, Mirelman et al. (24) described the adhesiveness of various enterobacteria to yeast. Although similar results were obtained for many species surveyed, a number of important differences in agglutination activities were also found. The tests described above have been used in this laboratory with success to screen for nonfumbriated mutants of uropathogenic E. coli whose virulence properties are currently being assessed with animal models.
